A novel method for the on-column sample stacking of proteins is described. The strategy takes advantage of interactions between protein molecules and sodium dodecyl sulfate (SDS) monomers. A long plug of a protein sample (either acidic or basic) is injected into a capillary filled with a background electrolyte (BGE) containing SDS. When a potential is applied, the proteins interact with SDS monomers in the BGE to form protein-SDS complexes that migrate more slowly than the corresponding uncomplexed protein, resulting in protein stacking. Both acidic and basic proteins migrate at an almost identical electrophoretic velocity after stacking, which indicates that the protein-SDS complexes formed in the BGE zone have a similar charge/mass ratio. The mechanism of stacking was investigated using a sample consisting of a basic protein, lysozyme, and a small molecule, methylene blue. The findings clearly show that two interactions with SDS occur, a stepwise binding interaction between protein molecules and SDS monomers and an interaction in which the small molecules enter into micelles formed by SDS molecules. The method was also applied to the detection of a protein labeled with a fluorescent labeling reagent at trace levels. The labeled protein was detected even under labeling conditions where the labeling efficiency was too low to detect by short-plug injection.
Introduction
Capillary electrophoresis (CE) is an excellent separation method and is frequently used in protein analysis. It will play important roles in proteomics research because of its high separation efficiency. In particular, sodium dodecyl sulfate-capillary gel electrophoresis (SDS-CGE) is practically applicable to the highspeed determination of molecular weights of proteins. However, a problem associated with CE is its poor concentration sensitivity due to the use of small-bore capillaries. To circumvent this problem, sensitive detection methods have been applied to protein analyses. Laser-induced fluorescence (LIF) detection is the most sensitive detection method in CE.
An effective strategy for improving the sensitivity in CE is to use an on-line preconcentration method, which allows the injection of a long sample plug into the capillary with no degradation in peak shape or resolution. Several types of stacking methods have been developed for use in CE. The methods have frequently been used in the stacking of small molecules, for example, sample stacking for charged small molecules 1 and sample sweeping for neutral molecules. 2 Oncolumn stacking methods for proteins have been reported, 3 and include field-amplified sample stacking and transient isotachophoresis-capillary zone electrophoresis. 4 Recently, several types of preconcentration methods have also been developed for use in CE, e.g., the concentration of proteins using a fluidic preconcentrator, 5 electrokinetic supercharging, 6 large-volume sample stacking with an electroosmotic flow pump, 7 and a chromatographic method. 8 However, these preconcentration methods remain problematic in practical applications because of difficulties encountered in the application to a protein sample containing a high concentration of salts. Biological samples often contain a relatively high concentration of salts in the sample matrix. In addition, protein samples for use in SDS-CGE must be treated with SDS to form protein-SDS complexes before separation, i.e., the sample contains a high concentration of SDS for denaturation of the proteins.
Thus, the development of an on-column preconcentration method for protein samples containing high concentrations of electrolytes is a critical issue.
Palmer and coworkers reported on a stacking method for small neutral molecules in a sample containing high concentrations of salts that takes advantage of SDS micelle formation. 9, 10 The mechanism for this process is currently unclear. 10, 11 However, an analogous method seems to be potentially useful for not only small molecules, but proteins, because proteins form anionic protein-SDS complexes via binding interactions (hydrophobic interaction) with SDS, resulting in a decrease in the electrophoretic velocity. It would be expected that the change in the electrophoretic velocity could be utilized to achieve protein stacking.
Previously, we reported on an investigation of a labeling reaction by means of micellar electrokinetic chromatography (MEKC). [12] [13] [14] The labeling efficiency, multiple labeling, and kinetics could be evaluated by MEKC combined with LIF. However, it was still difficult to detect whether the labeled protein reacted under a neutral pH, which could avoid multiple labeling reactions between a protein and dyes. Therefore, further improvement in the sensitivity is necessary to evaluate the labeling reaction at a neutral pH. In this paper, we describe a novel protein stacking method that permits the formation of protein-SDS complexes on-column. The stacking process is effective for both acidic and basic proteins and, furthermore, the corresponding protein-SDS complexes exhibit a similar electrophoretic mobility.
The influence of the SDS concentration on the stacking process was investigated using a sample containing a basic protein, lysozyme, and a small molecule, methylene blue. The stacking method is analogous to that of sweeping in which analyte zones are stacked by the interaction between the analyes and micelles. However, the findings suggest that the stacking mechanism of proteins is different from that of small molecules (sweeping), i.e., the stacking occurs via a hydrophobic interaction of proteins with SDS monomers, rather than SDS micelles. The proposed method was applicable to an evaluation of the labeling efficiency in the conjugation of protein with a fluorescent labeling reagent, sulfoindocyanine succinimidyl ester (Cy5), at trace levels.
Experimental

Instrumentation
The instrumentation is essentially similar to that described in our previous paper. 12 Briefly, a red diode laser (LDM 635/3LT, Roithener Lasertechnik, Vienna, Austria, output power, 3 mW or LDA1035, Life Laser-Innovation, Urdorf, Switzerland, output power, 1.5 mW) emitting at 635 nm was used as an excitation source for the fluorescence detection system. The laser beam was focused with a microscope objective (×10, Nikon 22405, Tokyo, Japan), and the resulting fluorescence was collected, perpendicularly, with a microscope objective (×40, Olympus 101247, Tokyo, Japan). To cut off the scattering light, an interference filter (Center Wavelength: 672 nm), a long-pass filter (cut-off: < 640 nm), and a 200 µm pinhole were placed in front of a Hamamatsu Model R3896 photomultiplier tube (PMT). The output from the PMT was directed to an Apple Computer (Apple Computer Inc., Cupertino, CA, USA) through a Varian Computer Interface Module (Varian Associates Inc., Walnut Creek, CA, USA).
Chemicals
All of the reagents used in the study were of analytical or spectroscopic grade unless specially stated. Sulfoindocyanine succinimidyl ester, Cy5, was purchased from Amersham Pharmacia Biotech UK Limited. Methylene blue was from Kanto Chemical Co. Inc. (Tokyo, Japan). Sodium hydroxide and anhydrous sodium dihydrogen phosphate were obtained from Kishida Chemical Company (Osaka, Japan). Lysozyme (chicken egg white) was purchased from Sigma (St. Louis, MO, USA). All other reagents were obtained from Wako Pure Industries Ltd. (Osaka, Japan). Deionized water was prepared by means of an Elix Purified-Water System (Millipore Co. Ltd., Molsheim, France).
Procedures
The separations were carried out on uncoated fused-silica capillaries with an effective length of 30 cm (Polymicro Technologies, Phoenix, AZ, USA, 38 cm total length, 50 µm i.d., 375 µm o.d.). Hydrodynamic injections were performed by raising the inlet of the capillary to a height of 10 cm. Prior to each run, the capillary was washed with 0.1 M NaOH, deionized water and the separation buffer for 5 min. A highvoltage power supply (HCZE-30P, Matsusada Precision Devices, Shizuoka, Japan) was used to apply the separation voltage.
The separation buffer solutions were prepared by dissolving an appropriate amount of SDS (1 mM or 208 mM (M = mol dm -3 )) in 10 mM borate buffer (pH 8.9) containing 7% (v/v) methanol. The concentration of 208 mM corresponds to 6% (g mL -1 ) of SDS, which is the concentration usually employed for denaturing proteins. The conductivities were measured using a CM-40G EC meter (TOA Electronics Ltd., Tokyo, Japan). Critical micelle concentrations (CMCs) of SDS were measured according to a method based on electric conductance measurements, as reported in the literature. 15 
Sample preparation
A Cy5 stock solution was prepared by adding 500 µL of anhydrous dimethyl formamide to a commercially available plastic vial. Lysozyme and bovine serum albumin (BSA) were labeled independently. The labeling reaction was carried out as follows: 500 µL of a 10 mg mL -1 protein solution was reacted with 100 µL of the Cy5 stock solution in a 0.1 M phosphate buffer at pH 7.0 for ∼2.5 h in the dark at room temperature. The labeled protein sample was used with or without purification, depending on the purpose of the experiment. To isolate the labeled protein, ultrafiltration was carried out to remove the unreacted labeling reagent and other small molecules. An equal amount of the reaction mixture was placed in each of twelve centrifugal filter vials (MW cut: 10000, AMICON ® ULTRAFREE MC Millipore Corp., Bedford, MA, USA). The vials were centrifuged at 1100g for 30 min using a micro minicentrifuge (Kubota 1025, Tokyo, Japan), followed by the addition of 100 µL of 0.1 M phosphate buffer (pH 7.0), and then centrifuged again. The centrifugation was repeated until the peaks corresponding to Cy5 by-products, as monitored by MEKC with diode laser-induced fluorescence detection (DLIF), completely disappeared. The labeled proteins on the membrane in each vial were then recovered and diluted with a 0.1 M phosphate buffer (pH 7.0). A methylene blue stock solution was prepared by dissolving 0.035 g of methylene blue in 100 mL of deionized water and further diluted by 4000 fold. Protein samples were prepared by mixing appropriate amounts of the labeled protein solution and the methylene blue solution with 0.1 M phosphate buffer (pH 7.0).
Results and Discussion
Proposed mechanisms for on-column stacking of proteins by denaturation Figure 1 shows the proposed mechanism for on-column stacking of proteins using denaturation. A capillary is filled with a background electrolyte (BGE) containing SDS with a concentration higher than the CMC. In Fig. 1(A) , a large volume of a protein solution, which contains no SDS, was injected into the capillary. The SDS monomers and micelles in the BGE move towards the cathode at migration velocities lower than those of the proteins. Therefore, the protein molecules in the sample zone will penetrate into the BGE containing SDS, as shown in Fig. 1(B) , leading to a binding interaction of protein with SDS. Several previous reports showed that proteins interact much more strongly with SDS monomers than the SDS micelles due to a hydrophobic interaction, 16 and a protein molecule gradually binds with SDS monomers until the formation of a protein-SDS complex with a highest binding number of SDS. [17] [18] [19] Because the concentration of SDS in the BGE is far beyond the CMC, the protein 38 ANALYTICAL SCIENCES JANUARY 2005, VOL. 21 molecules would bind with SDS at a constant SDS monomer concentration; that is to say, the SDS monomers consumed by the binding interaction can be supplied by dissociation of the surrounding SDS micelles in the BGE zone. The penetrating protein molecules will be bound with negatively charged SDS monomers more and more until the formation of the corresponding protein-SDS complexes. The migration velocity, vprotein, of native proteins in the sample zone (pH = 7) usually has an electrophoretic velocity larger than the complex with SDS in the presence of the electroosmotic flow (EOF), since the complex has a higher negative charge than the native protein,
where veof is the velocity of EOF, vprotein is the electrophoretic velocity of the native protein, vcomplex is the electrophoretic velocity of the protein-SDS complex, and the EOF direction is set to be positive. The order of the electrophoretic velocities for native protein, SDS monomer, and their complex is, in general, vprotein > vcomplex > vSDS. Thus, the native proteins encounter SDS in front of the sample zone, resulting in the formation of a protein-SDS complex. Obviously, the migration velocity of the native protein molecules is decelerated due to the formation of the protein-SDS complex. A long length of the protein sample zone is therefore shortened after completion of the denaturation process, as shown in Fig. 1(C) . Figures 2(A) and (B) show electropherograms of a protein sample containing 200 ng mL -1 of lysozyme labeled with Cy5, a basic protein and 1.4 nM of methylene blue, obtained using a BGE containing 208 mM SDS under a normal injection time (5 s) and a prolonged injection time (70 s), respectively. The BGE contains a small amount of methanol, to facilitate the complete separation of the small molecule from the protein. 12 No adsorption to the capillary wall is observed for both methylene blue and basic protein, lysozyme, as noted that the peak shapes are nearly symmetrical. These molecules are cations at pH 8.9.
On-column stacking of proteins by denaturation
However, they migrate as anionic species, i.e., methylene blue-SDS micelle complex and lysozyme-SDS complex, resulting in no adsorption. Methylene blue was added as an internal standard to evaluate the stacking efficiency. Methylene blue experiences a similar deceleration process, which is, however, based on a different interaction mechanism. Unlike the formation of the protein-SDS complex based on a stepwise binding interaction of SDS monomers with a protein molecule, methylene blue entering the BGE zone is dynamically incorporated into the micelles. Therefore, the migration velocity of methylene blue incorporated into the micelles is expected to be similar to that of SDS micelles, because methylene blue interacts with SDS micelles strongly by hydrophobic and electrostatic interactions.
As a result, methylene blue would be stacked at the interface between the sample and BGE zones by sweeping, as proposed by Terabe and coworkers. 2 Stacking effects can be clearly observed for the two peaks, methylene blue and lysozyme, by injecting a sample solution for 70 s (Fig. 2(B) ). Therefore, the stacking method is effective not only for the protein, but also for the small molecule as well. The stacking mechanism of methylene blue can be explained by the stacked SDS zone formed in front of the sample zone containing a high concentration of salts 10 or sweeping 11 (the mechanism is currently under debate). Lysozyme exhibits a slightly more broadened peak than that of methylene blue, which is usually found in CE separations, even when a short injection time is used. 13 Unfortunately, the precise reason for the peak broadening of proteins is still unclear. The stacking efficiency, SEheight, is defined as a ratio of the peak height 39 ANALYTICAL SCIENCES JANUARY 2005, VOL. 21 obtained under a long-time injection, HInj.T, to the peak height under a 5 s injection, H5s:
The relationship between the injection time and SEheight for labeled lysozyme and methylene blue is given in Table 1 . As the table indicates, the stacking efficiencies for both analytes were increased by increasing the injection time. For injection times ranging from 70 s to 350 s, the stacking efficiency of labeled lysozyme increased from 1.4 to 10.5 and that of methylene blue from 5.4 to 230. A possible reason for the limited improvement in the stacking efficiency of the protein could be a difference in the interaction mechanism. Obviously, a larger difference in the migration velocity of the analyte in the sample and the BGE zones provides more efficient concentration, that is, a larger velocity difference would result in a narrower analyte zone after completion of the stacking process. 20 Methylene blue would bind with SDS micelles strongly due to the electrostatic and hydrophobic interactions. Therefore, the migration velocity of methylene blue would be immediately decreased to a velocity similar to that of the micelles in the BGE zone. On the other hand, the complex formation of proteins with SDS is relatively slower than the incorporation of small molecules into the micelles. Therefore, the migration velocity of the penetrating protein molecules gradually decreases to that of the protein-SDS complex in a stepwise formation process for the complexes in the BGE zone. Consequently, the decrement in the migration velocity for
HInj.T ---H5s
methylene blue would be larger than that for lysozyme under the experimental conditions. Thus, the methylene blue would have a higher stacking efficiency than that of lysozyme.
To demonstrate that the stacking method is also effective for acidic proteins, an acidic protein, BSA, was employed as a sample. Labeled mixtures of lysozyme and BSA were directly used for MEKC separation without purification by ultrafiltration. Figures 3(A) and (B) show electropherograms of BSA and lysozyme, respectively, using the same migration buffer as was used in Fig. 2 . The unnumbered peaks can be attributed to the hydrolysis product of Cy5 and other impurities in the labeling reagent. 12 As shown in Figs. 3(A) and (B), both acidic and basic proteins can be stacked. In addition, the migration time of lysozyme was found to be similar to that of BSA. The isoelectric points for lysozyme and BSA are 11.4 and 4.9, respectively. Thus, their electrophoretic mobilities are predicted to be quite different from each other. However, the migration time of BSA is similar to that of lysozyme, indicating that SDS in the BGE binds native proteins to form the corresponding protein-SDS complexes, which have a similar electrophoretic mobility during the protein stacking process. In Fig. 3(B) , BSA exhibits a slightly small peak, which can be attributed to a difference in the labeling efficiency.
As described above, both basic and acidic proteins exhibit the same migration time. This means that the present method can only be used to stack proteins, but not to separate them. Therefore, the stacking method must be combined with other separation techniques to separate proteins from each other. A feasible application would be to use the stacking method as a preconcentration step for the CGE separation of proteins, i.e., combining the present method with SDS-CGE.
Effect of the SDS concentration in the BGE
The stacking mechanism is obviously based on an interaction between SDS and the analytes. Therefore, the influence of the SDS concentration on stacking was studied. An electropherogram of a purified lysozyme sample containing methylene blue obtained using a BGE with 1 mM SDS is shown in Fig. 4 . The other experimental conditions are similar to those shown in Fig. 2 . Under these conditions, no micelle was present in the BGE, since the CMC in the migration buffer was determined to be 4.1 mM. Two zones indicated by 1 (2.5 -2.8 min) and 2 (2.2 -4.9 min) were observed, which could be assigned as methylene blue and lysozyme, respectively. Methylene blue is positively charged in the absence of SDS micelles, resulting in a migration time earlier than that in Fig. 2 . An insufficient stacking effect was found for methylene blue, indicating that the presence of SDS micelles in the BGE is responsible for the stacking of methylene blue. A sharp peak in the front of the methylene blue zone may be explained by taking into account ion-association with the SDS monomer or a limited amount of SDS micelles present in the stacked SDS zone. Under these conditions where the sample contains salts with a concentration higher than the BGE, a stacked SDS zone may be formed due to the difference in the electric fields between the BGE zone and the sample zone. 9, 10 The micelles that are formed at the interface between the BGE zone and the sample zone result in a sharp peak. As a result, the methylene blue zone is partly stacked by interactions with the SDS micelles in the stacked SDS zone. However, the stacking efficiency is poor because the SDS micelle concentration is limited.
Zone 2 is constituted of a relatively sharp peak and a broadened peak. Only a portion of the lysozyme molecules are slightly stacked at the cathodic side of the sample zone. The BGE contains a limited amount of SDS monomers and no SDS micelles. Therefore, lysozyme molecules can partially form the corresponding protein-SDS complexes in the BGE below CMC. It is generally thought that protein molecules form complete protein-SDS complexes at a largest binding ratio of 1.4 g SDS g/1 g protein, i.e., 70 SDS monomers/a single lysozyme molecule. 16 The results shown in Fig. 4 indicate that a sufficient amount of SDS is required to form the protein-SDS complexes completely. A significant band broadening of zone 2 can be attributed to the strong adsorption of basic protein molecules to the capillary wall. Lysozyme molecules migrate towards the cathode as cations prior to binding to a sufficient amount of SDS monomers in the BGE zone under an applied electric field. However, they are easily adsorbed onto the capillary wall. In fact, our preliminary experiment showed that lysozyme could not be detected using a BGE containing no SDS due to its strong adsorption to the wall. In addition, it should be noted that zone 2 is too long (∼2 min) compared to the methylene blue zone (30 s). This also suggests the adsorption of lysozyme to the capillary wall. The peak shape of the lysozyme zone should be explained as follows. A stacked SDS zone is formed at the cathodic side of the sample zone at the beginning of a run, a view that is supported by reports from two other research groups. 10, 11 This indicates that the concentration of SDS is higher at the cathodic side than at the anodic side. Thus, lysozyme-SDS complexes will be efficiently formed at the cathodic side of the sample zone, resulting in a slightly stacked zone. On the other hand, lysozyme molecules will adsorb on the capillary wall. The adsorbed lysozyme can interact with SDS monomers migrating with the electroosmotic flow from the anodic side. Lysozyme molecules would remain adsorbed to the capillary wall until their charges are neutralized by binding interactions with SDS. Thus, the lysozyme molecules at the anodic side are likely to remain adsorbed to the capillary wall for a longer period than those at the cathodic side. The lysozyme molecules are desorbed from the capillary wall by gradually forming the complex with SDS monomers. Consequently, a broadened peak was observed at the rear of zone 2.
Effect of the SDS concentration in a sample
To clarify the mechanism of stacking, a sample containing SDS at the same concentration as the BGE was used; the experimental data are shown in Fig. 5 . No heating procedure was performed in preparing the sample so as not to form protein-SDS complexes prior to a run. The sample was injected into the capillary immediately after adding SDS. It is interesting to note that a stacking effect was found only for lysozyme, while methylene blue failed to show any stacking effects. The failure to stack methylene blue is because all of the methylene blue molecules had already been incorporated into SDS micelles before the run, and thus no change in the migration velocity occurs at the interface between the BGE and the sample zones. On the other hand, the protein stacking is based on binding between the protein molecules and SDS monomers. 17, 18 In an unheated protein sample containing SDS, only a limited amount of the SDS monomers would bind to protein molecules.
When applying a potential, protein molecules migrate faster than SDS in the presence of an EOF, i.e., SDS would be supplied from the cathodic side of the sample zone. Consequently, the formation of complexes would be accelerated at the cathodic side of the sample zone, resulting in stacking of the protein molecules, even in a sample matrix containing SDS. Therefore, the stacking method for proteins using SDS should be of a different type, and cannot be explained simply by high salt stacking 9,10 and sample sweeping, 2 as has been described in previous publications. The denaturation of proteins via SDS on-column appears to be responsible for the protein stacking process.
Application to monitoring of a labeling reaction
In previous research, we explored the possibility of using MEKC-DLIF to carry out a kinetic analysis for the Cy5 labeling reaction at trace levels in an alkaline buffer based on a peak- area measurement. 12 However, there are some problems in the evaluation method of the labeling reaction at trace levels in the neutral pH buffer because both the labeling reaction and Cy5 hydrolysis were suppressed at pH 7.0, resulting in the presence of an excessive amount of unconjugated Cy5 in the reaction mixtures at the beginning of the reaction. Due to the hydrolysis of the unconjugated Cy5 during the MEKC separation, a broad peak leading to the unstable baseline, which would degrade the accuracy in the measurement for the peak areas, was often found in the electropherograms for the mixture sample at the beginning of the reaction. In addition, the labeling efficiency was too low to detect the labeled protein at pH 7.0. When the current on-column concentration method is used, the experimental errors would be minimized by adding smaller amounts of active Cy5 to initiate the reaction in a neutral pH buffer. Figures 6(A) and (B) show real-time separations (70 s injection) for a reaction mixture obtained at different reaction times. The initial concentration of Cy5 is 250 nM, which is ca. 100-fold less than that in our previous paper. 12 Peaks 1, 2 , and 3 represent labeled lysozyme, unconjugated Cy5, and methylene blue, respectively. The peak, indicated by an asterisk is the hydrolysis product formed by unconjugated Cy5 during MEKC separation. The separation results that show the hydrolysis product has little influence on the baseline in the electropherograms. Furthermore, the labeled lysozyme was clearly detected, even for a short reaction time (10 min) in Fig.  6(A) . Therefore, under the concentration conditions, it is possible to further decrease the initial concentration of active Cy5, which would be helpful to minimize the experimental errors in the kinetic analysis at the beginning of the labeling reaction in a neutral pH solution.
